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Abstract

Leaching kinetics of natural magnesite with nitracid was
investigated, and the results af detailed critical analysis a
presented. The reaction system MgdfNOs;-H,O has been
studied with special regard to the production ofepmagnesiur
salts. The generalised n@orous shrinking particle mod
considering the n-th order liquid-solid react was fitted to the
measured kinetic data and the values of appar¢inaion energy

Ea, and reaction orden, were calculated. Relatively high valiof

Ea (43.7 and 58.5 kJ md) obtained for both “low” (0.0-0.1 M)

and “high” (1-6 M) concentrations of HNj, respectively, lay
within the range of values presented by other asthod indicat:
that the overall process is controlled by the cloahmieaction in th
whole range of reaction conditions considered (&namure from 7(
to 100°C and concentration of HNGrom 0.01 to 6M). This
hypothesis has been confirmed by the calculategegof n, which

considerably differ from 1. Until now, it has beassumed in th

literature thatn=1 and no attention has been paid to actual

mechanism of the intrinsic chemical reaction. lis tivork, the
value ofn=0.22was calculated for the solutions with “low” HIy

concentration, and=0.05was obtained for the concentrated H;

solutions. These values ofare considerably lower than the va
of n=0.5 predicted by the theory. It is hypothesised thz

decrease in n with increased acid concentratiorhiniig related ti
the formation of C@and its transfer from the liquid to theseous
phase.
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Leaching, shrinking particle modelverification, reaction orde
activation energy, rate-determining step.
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Introduction

Although magnesium is found in over 60 mineralslyomagnesiteand other five industrial minerals
(dolomite, carnallite, serpentine, brucite and ioky, alongside seawater and brines, are commigraigbortant
natural sources of this element (Roskill 2013; $S@019). Formally known amagnesium carbonate
(MgCG0s), magnesite is found around the world (predomilyaint Australia, Austria, Brazil, Canada, China,
Greece, India, North Korea, Russia, Serbia, Slaa8pain and Turkey (Roskill, 2013, EC, 2015)), ésd
properties make it an invaluable raw-material imeawous fields.

Traditional products made from magnesite are régrganaterials, mainly for producing steel, cemand
nonferrous metals. More than 99% of mined and beiagéd magnesite is heat-treated to obtaiagnesia
(magnesium oxide, MgO) — similarly to the produstiaf quicklime from limestone. There are three gmdf
magnesia available in the market: fused magned#),(Bead burned magnesia (DBM) and caustic calcined
magnesia (CCM). While the DBM and FM are consumedhe production of refractory materials, CCM is
mostly used in chemical-based applications such fatilisers and livestock feed, pulp and paper,
hydrometallurgy and waste-water treatment (Merch&®19; Roskill, 2013). However, the producers of
magnesite in Europe, the United States, Russiaptrad regions have permanently been forced toldpveew
products and look for new applications — there a@ré&east three major reasons (IHS Markit, 2017; dflant,
2019; Roskill, 2013): (a) never-ending effort o thteelmakers and cement producers to reduce #uifisp
consumption of refractories; (b) limited growthglbbal steel and cement production, which has eentable
to compensate the corresponding slackening in dérf@rrefractory materials; and (¢) huge Chinagagts of
cheaper refractory grade magnesia during last @ecHuls, over the past three decades, the use griasite
products has spread to agriculture, chemical, pheentics and construction industries, and enviroriahe
protection (Roskill, 2013; Shand, 2006). Unlike feltd DBM, demand is foreseen to increase in manyusesd;
acquisitions take place in the market, and new adtipa are appearing (Merchant, 2019; Roskill, 20DN&=w
perspective applications are CCM, lightweight aloionin-magnesium alloys for structural components of
automobiles and machinery, apdre magnesium compoundsspecially the hydroxide and salts of various
inorganic and organic acids (Merchant, 2019; Rgsk@13; Shand, 2006).

The present work is related to the chemical praogssf magnesite into pure magnesium salts. Thabgh
added cost of chemical processing (as comparedetdeéneficiation of rich ores by physical methodsgricts
its use in general, the relative scarcity of higlality magnesite deposits means in certain circantss it can
be viable to upgrade magnesite via chemical rolMtereover, in mining and beneficiation of magnesite,
individual operations can (and normally do!) proellow-grade magnesite which is in traditional mactiring
actually of no use; such a less-valuable, seconthaignesite raw material can advantageously beasadeed-
stock for the chemical processing. Thus, the chalnmicoduction of pure magnesium salts seems toneenay
how to expand the portfolio of high value-addeddueis, make full use of the extracted magnesiteaahitve
desired economic effectiveness even with small&rmaes of mined magnesite.

Like a typical hydrometallurgical process (Crundvw2f14; Habashi 2005) and many important processes
in inorganic chemical technology (such as the petidn of alumina (Habashi, 2005), magnesia (Shao@g)
or titanium dioxide (Bedinger, 2018)), the chemigedduction of pure magnesium salts from magnésitedes
three main stages: (#achingof the raw-materials, (Ipurification of the leachate, and (sgparationof the
valuable substance in the form of a saleable ptodite leaching stage requires special interesaumsee it
determines the technological demands and thus edondability of the whole process.

The leaching generally involves a rather compleix afeelementary steps represented by the transport
phenomena and intrinsic chemical reaction(s). Weé#l known that (Sohn, 1979): (a) Under certaimditons,
some of these elementary steps may becommatbaletermining stefRDS)of the overall process; (b) the RDS
can change depending upon reaction conditions, tand rate information obtained under a given set of
conditions may not be applicable under anotheptebnditions; (c) frequently there may not be rgk rate-
controlling step because several steps may have proless equal effects on determining the ovesddl. The
relative importance of these steps could also ahamghe course of the reaction. Thus, understgndow the
individual reaction steps interact with each otleermportant in determining not only the RDS undgren
reaction conditions but also whether more thamglsistep must be considered in expressing theabbvate
(Sohn, 1979).

While certain generalisations can be made for Ardtmass transfer, and pore diffusion, the adsor@ind
chemical reaction(s) are highly specific to theunatof the substances involved (Sohn, 1979). Withcil
regard to the manufacturing of pure magnesium dadt® magnesite using chemical methods, a number of
papers have recently been published to study thehieg kinetics of magnesite in solutions of inavigaand
organic acids (Abali et al., 2006; Bakan et al.0@0Bayrak et al., 2006; KHgin and Kurama, 2012; Koése,
2012; Lagin et al., 2005; Ozbek et al., 1999; Retzal., 2013, 2014, 2015, 2016; Rutto and Enwerem20l11).
However, only the temperature dependence of thehieg rate was examined, and no attention has paiento
the concentration dependence of the intrinsic kiseat all.
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The aim of this work is a detailed kinetic analysfsthe nitric acid leaching of magnesite, and plaper
breakdown is as follows:
1. Formulation of a suitable simulation model to dészrthe leaching behaviour of the studied
reaction system.
2. Model fitting to the results of kinetic leachingperiments and calculating the apparent reaction
order () and activation energyeg).
3. Determination the RDS of the nitric acid leachirighatural magnesite, based on botAndE,.

Theoretical

Simulation model of the leaching procesd.et us consider an agitated tank leaching, whieeeground
raw magnesite with a known content of magnesiurbaraate (designated as the solid substance B) uneeay
chemical reaction in the leach solution with hydmogcations (designated as the species A), and Isolub
magnesium salt (for example, nitrate), carbon diexand water are formed. The overall process imgtiiree
steps in a series, which are as follows:

1. Mass transfer of the hydrogen cations from the badkh solution to the surface of magnesite padicl
2. The chemical reaction between the reactants A aattBe phase interface, according to Eq. (1),

B(s) + aA(aq.) — soluble products 1)

3. Mass transfer of the dissolved products from théase of the solid particles into the main bodytlud
lixiviant.
For the kinetic regime of leaching, when chemioahation controls the overall rate of the process,
Raschman et al. (2019) derived a generalised noodpcshrinking particle model (NSPM) which can lritten
in a shortened form using Eq. (2),

3
dxg _ R PL S 0
= A TE (xg), ®)

where:

xg = fraction of species B reacted (degree of conerrsf species B);

t = reaction time;

R = initial radius of magnesite particles (i.e., thdius at=0);

ps = density of magnesite particles;

p? = initial density of the lixiviant (leach solutijn

cJ, = initial concentration of hydrogen cations in thigiviant: strong acids such as the nitric or
hydrochloric acid are strong electrolytes and asefically fully ionised in waterg, is therefore assumed to be
equal to the initial concentration of the acid;

¢ =reducedA/B molar ratio, = n3/(an2);

ng andn$ = initial total amount (in moles) of the species#dB, respectively;

a = stoichiometric coefficient for the species AEQ. (1);

o = liquid-to-solid (L/S) mass ratiar = m? /m2;

m) andm? = initial mass of the lixiviant and magnesite fesdck, respectively;

. = initial rate of the chemical reaction (1) definey Eq. (3),

E
9 = kyR(chp)™ = koexp (— M_A})Vﬁl(cgb)n; (3

k = rate-constant for the reaction (@th order in A;

T = temperature,

v, = activity coefficient of the species A in the ¢basolution;

n = order of chemical reaction (1) with respectaagent A;

ko, E4 andR, = constants (“frequency factor”, apparent activatenergy of reaction (1) and gas constant,

respectively) in Arrhenius” equatidn= kyexp(— %);
G
F(xg) = function of the fraction of species B reacteg defined as follows:

Fo) = (1-22)" (1 = x5, @)
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Unlike the commonly usedsimple” NSPM (see, for example, Levenspiel (1999), Sohn79)%r
Wadsworth (1979)), thgeneraliset NSPM assumes — th order chemical reactigrthe influence of thiL/S
ratio andnon-ideal behaviouof the leach solutior

For mathemat¢al simplicity, in a kinetic analysis, it is adwageous to apply simplified formof the
NSPM. Thesimplified NSPM represents thsolution of Egs. (2) to (4) based on the assumptii@in = n,
¢ > 1 andy, = f(cg,) —it can be written in the form of Egs. (5) and (Raschman et al. 201:

L ¢
1-(1—-xp)3=—,

‘ ©)
. (6)
_ L _
m§koexp( .4 v A(ch)"

where:tg = the time required for the complete conversioa pfrticle of the original raw materie
Sometimes, for practical purposes, reaction half-time, s (i.e. the time required under certain reac
conditions to dissolve one half of the amount & ¥aluable substance B initially present in the raaterials)

is used as the characteristic time of the leacpiragess; in such a cat,s = 0.2063t; and Eq. (5) can be
modifiedto Eq. (7) (Raschman et, 2019):

1
1—(1—x5)3 = 0.2063——. @
tos

Material and Methods

Materials. The bulk natural raw magnesite (RM) from the SMBdea plant, Slovakia, was used in
leaching experiments. The fraction --125um was prepared by dry mill-grinding, wstreening, washing by
deionised water and drying. The phy-chemical characteristics of the RM sample are gimefable 1. The
sample was analysed by wet chemical methods coxhbiriih the ICP analysis. Thermand X-ray powder
diffraction analysis proved a ferroan variety ofgnasite (breunnerite) to be the prevailing phasepmpaniec
by small amounts of dolomite and calc— the results are summarised in Fig. 1. The spesifitace area sA

0.1 m2 g-1 wasletermined by the B.E.T. nitrogen adsorption teghai Analytical reagent grade chemicals
deionised water were used in all experime

Table 1. Physici-chemical characteristics of used raw magnesite \RM

Particle Specific Chemical elemental analysis [wt. Qualitative >-ray phase analysis 1)
diameter surface area - -

[10°m]  [10°mP kg Mg Fe Ca Si Al Cinorg. M (B) S D C
80-125 <0.1 25.3 2.91 2.13 0.26 0.05 13.7 +++ - ++ +

9'M (B) = ferroan magnesite (breunnerite); S = sideid = dolomite; C = calcite+” = phase detected:* = phase not detected.
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Figure 1. Results of the phase and thermal analysis of natara magnesite RN
(A) Xray diffractogram; M = ferroan magnesite (breunrteji D = dolomite, C = calcite. (-ray powder diffractometer Rigaku MiniFl
600, BraggBrentano goniometer, Cukradiation, N-filter, working voltage 40 kV, current 15 m/
(B) Plot of TG, DTG ath DTA curves. (Simultaneous thermal analyser NBt33®A 449 F3 Jupiter, corundum crucible, air atniese,
temperature rate 10 K i)
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Leaching procedure and measuring kinetic dataFor the process studied, the overall chemicalti@ac
can be written in the form of equation (8):

MgCO5(s) + 2HNO;(aq.) » Mg(NOs),(aq.) + C0,(g) + H,0(D). (8)

The leaching behaviour of the RM in nitric acid wasted in a 0.7 | isothermal well-mixed glass batc
reactor with intermittent withdrawal and analysfsttte leachate samples. The reactor was equippédaniot
plate magnetic stirrer, insulating jacket and dusetondenser. The mixing speed varied from 50@G6 rpm
and had been proved to have no observable effe¢ch@rcourse of leaching, under the reaction caoti
considered in the present work. The temperaturemaistained to within 2 K. The initial volume oftri¢c acid
was 0.5 | in all experiments. In each test, thergyppate L/S ratio was set by the calculated amatfinthe RM
(0.020-3.0 g). The RM sample was added to HN¥Den the desired temperature had been reachddein t
reactor. The reaction suspension volume has nat affected by evaporation. The 20 ml leachate sasnwkre
withdrawn from the reaction mixture at predeterrdiiene intervals, filtered and analysed for the megum
and calcium by the EDTA and ICP methods. The leaghixperiments were carried out under the reaction
conditions, which were: temperature from 70 to IDahe concentration of HNGrom 0.01 to 6 M.

Results

Proposed simulation model In most work on the leaching of magnesite witimaantrated solutions of
acids, practically no attention has been paid &éodbncentration dependence of the intrinsic kisetfc simple
first-order rate expression has been assumed, &nematical simplicity rather than for valid reasolm many
practical cases, fluid-solid reactions can indeedproximated as first-order reactions; in gené@vever, the
concentration dependence is much more complex (S&®9). Crundwell (2013; 2014) emphasised the need
derive the value of on the basis of a suitable mathematical modehefdahemical dissolution of the solid
substance B and verify it by experiment. Use of ridationship (3) enables to experimentally deteamihe
(apparent) reaction order, compare it with theory and thus to identify thBRRof the overall leaching process
with higher reliability, as compared to the comnyoased NSPM.

A preliminary parametric study using tigeneralisechon-porous shrinking particle model of leachhags
shown that thevalues of parametersand¢ can alter the leaching behaviayalitatively. In contrast,
the activity coefficient of a strong acid just $lity modifies the shape of the kinetic curves boesl
not change the overall picture. Thés simplicity, it has been further assumed that 1.

During the reaction of magnesite with acids, ,0® formed and released in a gaseous form from the
reaction mixture into the atmosphere. So far, nesimeration has been given to the effect of thauweace of
CO, on the overall leaching rate. The suitability bé tproposed simulation model also for descriptibra o
reaction systems with the evolving gaseous probast therefore, to be verified first, by comparihg model
prediction with the experiment.

Experimental results. The leaching behaviour of the RM was studied large exces®f nitric acid. An
overview of the leaching tests carried out is giirefiable 2. The measured fraction of magnesiursatied,xg,
vs. time,t, dependencieare illustrated by some typical examples showniguie 2. The results of all leaching
tests were used to verify the proposed simulatiodehand to calculate the values of kinetic modebmeters.

Table 2. Reaction conditions set in individual leiag tests’

Temp:e rature Initial concentration of nitric acid [M]
[k/°C]
“low” ? “high” ?

0.01 0.02 0.04 0.06 0.1 1 2 3 4 5 6
343/70 + +
353/80 + +
358 /85 + +
363 /90 + +
373/100 + +++ ++ ++ ++ ++ ++ ++ ++ ++ ++

1) Each “+" represents one leaching test carrigds+...” denotes repeated tests).
2) The initial concentration of HNO3 is declaredde "low" or "high" only with respect to Fig. 3afurther discussion.
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Figure 2 Examples of measured conversixg) vs. time €) kinetic curves: (A) effect of reactimrffmperaturec,‘;,\,%= 0.01 and 1 M); (B)
effect of nitric acid concentration (T=373 K/ 1@)¢

Discussion

Comparison model —experiment. A number of papers have been published to studietiehing kinetic:
of magnesite in solutions of inorganic aorganic acids (Abali et al., 2006; Bakan et al.0&0Bayrak et al.
2006; Haggiin and Kurama, 201X06se, 2012; Lagci et al., 2005; Ozbek et al., 199Raza et al., 2013, 201
2015, 2016; Rutto and Enweremadu, 2011). A thoraugtlysis of these studihas revealed th:

1. The leaching rate is very sensitivetemperature- this fact is reflected in high calculated valuegshaf
apparent activation energ§, (42 kJ mof < E, < 78 kJ mot), and, based on these results, the intri
chemical reactiohas been identified to be the RI

2. No attention has been paid to the concentratioemidgnce of the intrinsic kinetics. Tshrinking particle
model derived for thefirst-order fluid-solid reactionhas exclusively been fitted to the experime
results, despite the fact that the data often had shownrelalgviations from the fir-order reaction
behaviour (distinct already by a preliminary viswmsessment of the data!). Typical examples
schematically illustrated in Fig. 3: tleaching ratevs. acid concentrationd, ) dependences were first
growing at a certain concentration inter{c, ;; c,,), but further either (a) indicated a weakening af
of the acidconcentration in more concentrated solutions {inesolutions withc, > c,,) (Kose, 2012;
Raza et al., 2013, 2014)Fig. 3a; or (b) passed the maximumc, ,, and then even declined fc, >

¢, (Bakan et al., 2006; Bayrak et al., 20Lagcin et al., 2005) — Fig. 3b.

(A) (B)

leaching rate
leaching rate

Ca1 Caz2 Ca1 €a2 Cam

acid concentration acid concentration

Figure 3. Schematic illustration of the leaching révs. acid concentration dependences obtained by séthe previous authors for ti
acid leaching of natural magnesitewo types of deviations from the f-order model are shown: (A) relative sl-down of the leaching (as
compared to the first-order agtion); (B) absolute slo-down of the leaching process in concentrated smhstof acid:
Points= measured datesolid line= the course of leaching assuming the fostier reaction.
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As discussed at the end of the theoretical sectibmigh L/S réo when the conditiorgp > 1 (or (1 —
x4) = 1) is fulfilled, asimplified NSPM in the form of Egs. (5) and (6) shoffit to the measuredlependences
Xg VS. t/tg andxg vs. t/ty 5, respectively. Thus, the nitric acid leaching led RM was studied in a largxcess of
the acid when the conditiop > 1 was fulfilled. At first, a series of leaching tests characterisgdhe value o
parameterp > 10 (which represents at least the-fold excess of HN@Iif compared to stoichiometry) we
carried out; the actual set up values«p reached up to 48 (in 6 M HND Then, the applicability of Eq. (6) wi
checked using graphical analysis. To construct atesc diagram, thehalf-time of reaction,t,s, has been
preferred tat;, because it is straightforward to determt, s for each run simply by interpolating the meast
xg-t data The scatter diagram shown in Fig. 4 revealed thate is a very good correlation between
simulation model used and mxriment (full and open triangles). This fact prdvbat the simplified NSPM |
able to describe the course of leaching in theistudbaction system with acceptable accur:

08

2
=

£l
4

A This work: temperature from 80 to 100°C,
HNO3 concentration from 0.01to 0.1 M

A This work: temperature from 70 to 100°C,
HNO3 concentration from 1to 6 M

farction of MgCO; dissolved, xg

2

© Data from (KOSE 2012), Figs. 3and 5 -
adapted

——Mathematical model = modified Eq. (8):
xB=f(t/t0.5)

0 1 2 3 4 5 6 7 8 9 10

t/tos

Figure 4 Conversionxg) vs. reduced time /t, s) dependence eomparison of a mathematical model with experin
Points= measured datesolid line= modified Eq. (7)xz = 1 — (1 — 0.2063 t/ty5)°.

Determining the values of model kinetic parameter. For determining the values of model kine
parameters, first (assumg for simplicity thaty, = 1), Eq. (6) has been modified to express the-time of
reactiont,s:

angpsR

0 Ea )0 \* °
mSkOexp(_R_G'I'>(CAb)

tos = 0.2063t; = 0.2063

(9)

Then, the values aof andE, were calculated by linear regression using Eq9. éh@ (11), respectivel

Intys = —ninc), + constl , (10)
Intys = i—A% + const2 . (11)
G

and are summarised in Table

Table 3 Kinetic parameters of the simulation model fittgdelxperimen

This work Ref. Kose (201:
Country of the origin of the Slovakia Slovakia Turkey
magnesite tested
T (K/°C) 353-373 (80-100) 343-373 (70-100) 3833 (30-60)
oz (16 mol m) 0.01-0.1 (“low”) 1-6 (“high”) 1-3
R (10°m) 80-125 80-125 90-150
E, (10°J mol®) 43.7 58.5 3.2
n(-) 0.22 0.05 -
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The valuesof apparent activation energy obtained in this wdrth at low and high concentrations
HNO; (43.7 a 58.5 kJ md| respectively), are in good agreement with theiemlpresented by other authors
the naturalmagnesite leaching with solutions oorganic and organic acids (42 kJ i* < E, < 78 kJ mot
(Bakan et al., 2006; Bayrak et al., 2006;stitn and Kurama, 201Lacin et al., 2005; Raza et al., 2013, 20
2015, 2016; Rutto and Enweremadu, 2011)), excapagkedly lower value presented Kése (2012) — see
Table 3, for comparisorkKése (2012) investigated the same reaction sy (i.e., MgCC-HNOs-H,0); his
experimentatesults were therefore analysed in more detaikceSthe values c¢ used in his experiments (fro
12 to 20) were higkenough and the effect of the HI;:MgCQO; ratio may have been excluded, to find
explanation for such a big difference, the origie&perimental results published by Kdse were degiin a
modified form in Figure 4 (open rings), alongside data (triagles).

A thorough view of all the experimental points lretgraph in Figure 4 revealed a considerable diffes
between the layout of both sets of results. Tha gatints of Kdse (a) significantly depart from timdel
prediction atcz = 0.6, and (b) ndicate that the magnesium dissolution may have fiashed by reaching tt
limit (maximum) value ofcg lying between 0.7 and 0.

The dissolution far from equilibrium was studiedhioth cases, and magnesite was expected to be
dissolved at thend of the leaching process. The differences obdenere therefore attributed either to (a)
presence of a magnesium bearing phase other thgnesite, which did not dissolve in HI; at all or exhibited
only a limited solubility (this seems unlike) or to (b) the errors in chemical analyses andéabeulations. In th
sample RM, the total content of mineral phasesraten “"chemically soluble" carbonates was less thavt.
%. Hence, the maximum conversions of magnesiumocate higher than 991. % may, therefore, have be
expected in the present work. This assumption wagirsned by experiment: in the leaching tests whbesec
on the results of chemical analyses, the carbonata® practically fully dissolved, the experimeht:
determinedundissolved residuals represented less than 2 waf #he original RM sample. In the magne:
sample used by Kose, the total content of magnesindhcalcium carbonate was even higher, his maxil
conversions observed seem therefore to be unieally low. Moreover, an inconsistency between
measured data and theathematical model used to calculE, is evident from Figure 4, which significant
reduces the reliability of the estimateE,. Thus, with respect to the above facts, the vpludished by Kose
(2012) has been considered to be an ot

In the previous research on the leaching of natoraginesite with concentrated solutions of acids
analyse the overall process, mathematical modelndamplicitly assumed than = 1 were used and the
authors paid no further attention to the actual mmesm of the intrinsic chemical reaction (1). Hoeg
Crundwell (2013, 2014, 2015) clearly explained hiowportant physically correct proposal of the medsar
and the related values of kineticrameters (i.e., apparent activation energy,especiall' reaction order) are in
finding out the ratetetermining step of the overall leaching process.tRe far from equilibrium dissolution
CaCQ in acidic solutions, Crundwell (2015) theoreticalerived the value of = 0.5 —this theoretical value is
twice that calculated in this work for the solusowith “low” HNO; concentrationr{ = 0.22), and by order of
magnitude higher than the valuerobbtained for concentrated solutioms=t 0.05). For futher discussion, due
to the lack of relevant data, the experimental ltesecently published by Artamonova et al. (201af) the
magnesitelissolution kinetics in acidic (KCI+HCI) solutiorss pH 1 to 5 have also been taken into acc- an
overview ofall the above results is shown in Figure
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Figure 5 Comparison of the values of kinetic parametersiakthin this work with those found in the literagu¢A) apparent activion
energy; (B) apparent reaction order in" kbns.
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Jordan et al. (2007) observed a negligible efféechost common organic and inorganic ligands on MgCO

dissolution in acidic saline solutions, which makles comparison illustrated in Figs. 5ab feasiltieevealed

that:

a)

b)

The E, values obtained in this work are lying within ttenge of the values found by all other previous
authors who have studied the leaching of naturgmesite with acid solutions.

Critical evaluation of the available valuesrpoindicates that the value afdecreases with increasing acid
concentration. This may be related to the formatibO, and its transfer from the liquid to the gaseous
phase. Since, until now, no consideration has lg#een to this aspect of the leaching process, aed t
available data is very limited, the effect of evarlvgas should be addressed in more detail in theefu
Relatively high calculated values of the activatemergy indicate that the overall process of laaglis
controlled by the intrinsic chemical reaction (I) the whole range of temperature and HNO
concentration studied. This hypothesis has beefiromd by the calculated values of the reactioreord
which significantly differ from 1.

Conclusions

Kinetics of the leaching of natural magnesite wititric acid was studied using both mathematical

modelling and experiment. The reaction system Mg88O0;-H,O has been chosen with special regard to the
production of pure magnesium salts. The results détailed critical analysis are summarised asvi!

1.

The generalised non-porous shrinking particle medekideringhe n-th order liquid-solid reactiomwas
fitted to the measured kinetic data and the vabiespparent activation energy,, and reaction orden,
were calculated.

Relatively high values oE, (43.7 and 58.5 kJ md) obtained in this work for both “low” (0.01-0.1 M)
and “high” (1-6 M) concentrations of HNQOrespectively, lay within the range of values presd by
other authors and indicate that the overall proadskaching is controlled by the intrinsic chenfica
reaction (1) in the whole range of reaction cowndisi considered.

This hypothesis has been confirmed by the caladlatdues ofn, which (especially in concentrated
HNOs) considerably differ from 1. Until now, no attestii has been paid to the actual mechanism of the
intrinsic chemical reaction. In this work, the valofn = 0.22 was calculated for the solutions with “low”
HNO; concentration, and = 0.05 was obtained for concentrated HN§blutions. These results enable a
deeper insight not only into the reaction systemdisd but into the acid leaching of magnesite inegal.
The calculated values ofseem to be considerably lower than the value prediby the theory, and it is
hypothesised that the decreasa with increased acid concentration might be reldtethe formation of
CG, and its transfer from the liquid to the gaseoussgh

Notation

a stoichiometric coefficient for specidsin Eq. (1)
A H+ ions

B MgCG;

Cap initial concentration of H+ ions in bulk lixivian
EA apparent activation energy of reaction (1)
F(xp) function defined by Eq. (4)

k rate-constant for reaction (I}th order inA,;

ko constant (“frequency factor”) in Arrhenius” eqoat
K process parameter defined by Eq. (3)

m? initial mass of acid leach solution

m? initial mass of magnesite

n apparent reaction order for H+ ions

ng initial total amount (in moles) of species A ixiViant
ny initial total amount (in moles) of MgGOn magnesite
o initial reaction rate defined by Eq. (3);

R initial radius of magnesite particles

Rs gas constant = 8.314 J mol-1 K-1

t reaction (leaching) time

tos reaction half-time

tr time required for complete conversion of magmeegérticle
T temperature in K

Xg fraction of MgCQ dissolved
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Greek letters

Ya activity coefficient of H+ ions in leach solution

po initial lixiviant density

Ds raw magnesite density

o liquid-to-solid (L/S) mass ratio (m? / m? )

¢ reduced A/B molar ratio (73/(an2))
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